Background Rectal surgery is associated with high complication rates, but tools to prospectively define surgical risk are lacking. Improved preoperative risk assessment could better inform patients and refine decision making by surgeons. Our objective was to develop a validated model for proctectomy risk prediction. Conclusions We conclude that the NSQIP-supplied risk model underestimates proctectomy morbidity and that this new, validated risk model and risk prediction tool (http://myweb.uiowa.edu/sksherman) may allow clinicians to counsel patients with accurate risk estimates using data available in the preoperative setting.
Introduction
Accurate estimates of surgical risk are essential for decision making by surgeons and patients. Surgeons often base risk estimates on a combination of clinical judgment, the surgical literature, and personal experience. 1 This method has variable accuracy, may not account for all risks, and is subject to bias. [2] [3] [4] More accurate, data-driven estimates of surgical risk could better inform patient and surgeon expectations and contribute to improved comparisons between surgeons and hospitals. 5 Despite a need for valid risk estimation, available tools for proctectomy are limited by their origin in single institution experiences, lack of validation, inclusion of other types of procedures, or restriction to particular diagnoses. [6] [7] [8] The American College of Surgeons National Surgical Quality Improvement Project (ACS-NSQIP) collects information on preoperative risk factors and 30-day outcomes abstracted from the medical records of patients undergoing procedures at participating institutions. 9 While not a random sample, these data represent a national cohort of patients in both community and academic settings and present opportunities for generation of robust and generalizable conclusions regarding rectal surgery risk.
Despite the wealth of data in NSQIP and range of NSQIPderived risk prediction tools, 8, 10, 11 proctectomy presents particular challenges to accurate risk estimation. With case series reporting complication rates of 30 to over 50 %, [12] [13] [14] proctectomy carries a risk of morbidity substantially higher than the 11 % rate reported for general surgery overall. 10 As such, models developed based on general surgery data may be overly influenced by lower risk surgeries and underestimate risk in proctectomy or other high-risk subgroups. 8, 15 During a recent analysis of the effect of body mass index (BMI) on proctectomy outcomes, we observed that the NSQIP-supplied morbidity probabilities seemed lower than our expectations. 16 These NSQIP morbidity probabilities are based on the NSQIP general and vascular surgery risk model. 17 Although this is not NSQIP's most sophisticated model for estimating proctectomy risk, 15 it is the one supplied with NSQIP data and thus the one most readily available. We therefore set out to test the hypothesis that the NSQIP morbidity risk model supplied in the Participant-UseData-File would underestimate morbidity in patients undergoing proctectomy and to develop a new, more accurate, and accessible risk prediction tool.
Material and Methods
Patients Data were obtained from ACS-NSQIP ParticipantUse-Data-Files for 2005-2011 (n=13,385). 9 Included were NSQIP "proctectomy basket" major proctectomy and rectal surgical CPT codes performed by a general surgery (including colorectal surgery) primary team (Table 1) . These formed 16 primary procedure categories as described. 16 Due to the unique risk profile of rectal prolapse surgery, 18 prolapse procedures were excluded, except for proctopexy with sigmoid resection which was included when diagnoses other than rectal prolapse were designated. Low anterior resection is not supplied with the proctectomy basket. Patients requiring chronic ventilator use or undergoing emergency procedures were excluded. This study was Institutional Review Board exempt.
Variables The primary outcome, morbidity, was defined as death, reoperation, or any of the 21 NSQIP-recorded cardiac, neurologic, pulmonary, infectious, or bleeding complications within 30 days after surgery. 17 For 2005-2009, total perioperative blood transfusion is not available, and intraoperative transfusion of three or more units of blood was coded as a bleeding complication. Variables with low numbers of affected patients were collapsed into composite variables where applicable. Variables with fewer than five cases were censored. BMI categories were defined according to the World Health Organization. 19 Age greater than 90, recorded in NSQIP as "90+," was considered to be 90. Continuous variables were compared with Welch's t test; categorical variables were compared by chi-squared or Fisher's exact tests. Multiple comparisons were P value adjusted using the BenjaminiHochberg false discovery rate correction. 20 Model Development Univariate logistic regression identified risk factors associated with complications at p<0.2 in 2010-2011 (n=5,570), which were considered for inclusion in a multivariable model. Manual forward and reverse stepwise 
Results
Patient Characteristics Included were 5,570 patients in 2010-2011 ( Table 2 ). The median patient age was 56.0, 45.1 % were female, and 76.2 % were white. The most common procedure was abdominoperineal resection (APR, 24.4 %), followed by total proctocolectomy with ileostomy (9.3 %), and proctectomy (9.2 %). The most common preoperative risk factor was use of antihypertensive medication (37.1 %), followed by smoking (17.6 %), recent radiation or chemotherapy (15.3 %), and recent steroid or immunosuppression significantly less likely to be Asian and more likely to be Native American, were less likely to undergo laparoscopic procedures, and more frequently had dyspnea at rest or with exertion, a history of cardiovascular problems (including stroke, MI, angina, and claudication), and a history of recent radiation or chemotherapy (p<0.01 for all).
Proctectomy complications were frequent in 2010-2011, with an overall morbidity rate of 40.2 % ( Table 3 ). The most common complications were intra/postoperative bleeding requiring transfusion of five or more units of blood, superficial wound infection, and sepsis. Thirty-day mortality was 1.2 %. In 2011, the only year for which data were available, readmission within 30 days occurred in 16.5 % of patients.
The 
Development of a Proctectomy Morbidity Risk Model
The NSQIP morbidity model's performance was evaluated in the entire 2010-2011 population of 5,570 proctectomy patients, where it predicted an overall morbidity of 23.0 %, significantly less than the actual 40.2 % morbidity rate (p<0.0001). To provide more accurate risk estimates, more than 70 individual and composite preoperative variables were tested for association with complications. Fifteen variables showed significant independent contribution to morbidity risk on multivariable analysis and would be available prior to operation. These were included in the Iowa Proctectomy Risk Model (Table 4) . Also included were poor preoperative functional status and the presence of preoperative sepsis, which due to low event numbers did not reach significance, but which improved model performance and held a plausible connection to complication risk. Intraoperative factors, such as wound classification and whether additional procedures were performed, were strongly associated with complications, but were not included in this model. Laboratory values unavailable for large numbers of patients were not included. A preoperative INR was available for only 54 % of patients, but that an INR had been checked in 30 days prior to surgery in fact correlated significantly with complications (p<0.005) and was included.
The most influential factor in the model was the primary procedure performed. Among procedures with more than 200 cases, complication rates varied between 29.8 % for laparoscopic proctectomy with j-pouch and coloanal anastomosis to 50.1 % for total proctocolectomy with ileostomy. Wellrecognized operative risk factors such as advanced age, obesity, steroid use, dyspnea, and poor functional status all correlated with increased complication rates. Interestingly, a history of cardiovascular problems was not independently associated with complications, and a history of recent radiation treatment correlated with decreased risk of morbidity. Despite differences in male compared to female pelvic anatomy, gender was not associated with complications on uni-or multivariate analysis.
Model Performance and Validation
To assess the Iowa Model's performance compared to the NSQIP model, discrimination and calibration of both models were calculated. In 2010-2011, the NSQIP model provided reasonable discrimination between patients who did and did not have complications with a c-statistic of 0.643. The Iowa Model showed significantly better discrimination (p<0.01) with a c-statistic of 0.660 (Table 5) .
We assessed calibration by comparing the proportion of total predicted minus actual complications to actual complications and report the results as the percent deviance of predicted to actual complications ( Table 5 ). The Iowa Model showed perfect calibration when employed on 2010-2011 data, with its predicted 40.2 % complication rate equal to the actual complication rate (Fig. 1a) . The NSQIP model performed significantly worse, predicting a 23.0 % complication rate with a percent deviance of −42.9 % (p<0.001). therefore conclude that the Iowa Model shows superior discrimination and calibration based on these validation studies using data independent from those used to develop the model.
Online Risk Calculator Using the validated Iowa
Model, an open source online proctectomy risk calculator, available at http://myweb.uiowa.edu/sksherman, was created. After entering the anticipated procedure, the patient's age, BMI, and the other variables included in the Iowa Model, the calculator returns the probability of experiencing a complication.
Discussion
For procedures with high complication rates, the true risk of morbidity may not be well estimated by standard models. In a previous analysis of the effect of BMI on morbidity in proctectomy, we observed that morbidity probabilities assigned in the NSQIP Participant-Use-Data-File were lower than expected for these seemingly high-risk patients. 16 The present study demonstrates that for proctectomy, the NSQIP Participant-Use-Data-File morbidity probabilities drastically underestimate the true morbidity rate, and that the Iowa Model provides significantly better risk estimates. This model is valid based on independent 2005-2009 data.
Discrimination and calibration define performance for risk models. Discrimination refers to the model's ability to correctly distinguish patients at higher risk of complications from those at lower risk and calibration describes how closely the model's assigned risk matches actual risk. A method to assess model calibration, the Hosmer-Lemeshow Goodness-of-Fit Test has been applied to other NSQIP risk models, 8, 10 but its limitations in large datasets are well established. 26, 27 The Brier Score has been proposed as a superior measure of surgical risk calculator performance, 11 but interpreting Brier Scores from different datasets or for models addressing different outcomes is not straightforward. Brier Scores depend strongly on the underlying rate of the event being predicted, which can cause confusion because Brier Scores for predictions of more likely events may seem worse than predictions for less likely outcomes even if the models are equally informative. The Brier Skill Score mitigates this somewhat by incorporating the event probability in the null model score, 24 and the Iowa Model returned a greater Brier Skill Score than the NSQIP model in all cases. Still, despite development of methods for hypothesis testing in two models applied to the same dataset, assessing models' relative performance in different datasets by Brier Score remains problematic. [28] [29] [30] [31] We therefore assessed calibration using percent deviance. This metric allows comparisons between different models with a chi-squared statistic and offers an intuitive presentation of a model's predicted average morbidity compared to that actually observed.
A persistent challenge in risk modeling is accounting for risk in subgroups where the risk differs substantially from the average or when less variation exists between affected and unaffected patients. For example, Cohen et al. reported that cstatistics for discriminating morbidity decreased from above 0.80 to 0.68 when their model considered colorectal surgery instead of all of general surgery. 8 Our subgroup of only proctectomy, which represents approximately 8 % of all colorectal procedures in NSQIP, should be expected to complicate accurate discrimination. In fact, the maximum achievable cstatistic varies based on the magnitude and variance of risk in a population. It can be demonstrated that while a c-statistic of 0.99 is theoretically achievable for an outcome with a narrowly distributed risk averaging close to zero (as might be observed when studying mortality) for an outcome with a risk of around 50 % and a large variance (such as is observed for morbidity in proctectomy), the maximum possible value for the c-statistic is in the range of 0.62-0.72. 32 As such, a cstatistic of 0.66 represents outstanding discrimination for a group of procedures with a high preoperative probability of complications even if it is lower than would be expected when measuring more rare outcomes, such as mortality. Similarly, a difference in c-statistic of 0.02 between the two models is not large in absolute terms, but for a c-statistic with a possible range of 0.5-0.72 represents an improvement of at least 9 % and is statistically and potentially clinically significant.
One explanation of the strength of our model is its reliance on the procedure performed as a strong predictor of risk. Although early NSQIP models focused solely on patient characteristics to define risk, it was recognized that procedure-based risk often carries more information. 15 Later models moved increasingly towards the procedure as a risk predictor, first grouping CPT codes together, 10 and most recently considering CPT codes individually. 11 The NSQIP model assessed here relies on large CPT groups, and the difference between morbidity in all colorectal surgery (reported at 23 %, which is very close to the rate predicted by the NSQIP model in this analysis 8 ) compared to only proctectomy, where complication rates approximating 40 % have been described, [12] [13] [14] 33 likely contributes to the poor calibration of the NSQIP model as applied to this subgroup. By using smaller CPT groups, the Iowa Model achieves improved calibration, with the predicted risk close to the true average morbidity (Fig. 1) . Furthermore, we conclude that the NSQIP model, while displaying reasonable discrimination, is poorly calibrated for predicting risk in proctectomy.
Another factor affecting the NSQIP model's performance in this analysis is its failure to include bleeding as a complication. Omission of bleeding from previous and existing NSQIP morbidity models is important as bleeding represents the most frequent complication in proctectomy. The NSQIP model therefore systematically underestimates morbidity. Any inclusion or exclusion of factors as "complications" is at some level arbitrary, but since transfusion of five or more units of blood is rarely planned, and as evidence documenting the negative effects of transfusion accumulates, 34, 35 it seems reasonable that our model, which is designed to inform understanding of preoperative risk, should count this occurrence as morbidity.
Validation against independent data is essential, as risk models usually perform well when tested against the same data used to develop them. In applying the Iowa Model to 2005-2009 data, the validation dataset was limited by its underreported complication rate of 32.4 %, but as it remained the best data available, it was used. Considering that underreporting of bleeding complications by approximately 10 % occurred in 2005-2009, the actual complication rate is likely to be higher than the reported 32.4 % and closer to the Iowa Model's predictions while further from the NSQIP model. Our analysis using a more realistic imputed bleeding rate for 2005-2009 supports this conclusion. Thus, despite the spuriously low complication rate in the 2005-2009 data, the Iowa Model provided better overall risk estimation than the NSQIP model and is valid.
Other risk calculators for proctectomy exist. NSQIP has offered an online calculator since 2008, but it was available on a subscription basis only and was not readily accessible. The recently released NSQIP Universal Risk Calculator is freely available and represents a powerful tool providing risk estimates for a huge range of procedures and patient characteristics. 11 Yet, despite its strong composite performance, its validity for overall morbidity in high-risk procedures and subsets of the total is unknown. Its performance in one subset colectomy was reported by Bilimoria et al. In these colectomy cases, the Universal Risk Calculator's performance was compared to a colectomy-specific model. Although the authors characterize the differences as small, calculating Brier Skill Scores for the two models' predictions demonstrates that the colectomy-specific model outperformed the Universal Model by 10 % for mortality, 12 % for morbidity, and 40 % for surgical site infection. 11 These results support that risk models developed for specific subsets of patients, and outcomes may outperform omnibus models if one has the time to develop them.
The Iowa Model is one such specially developed model and offers several advantages for proctectomy. The variables in the Iowa Model were manually chosen specifically for these procedures. The large volume of procedures in the NSQIP Universal Calculator necessitates a standardized and automated approach to model development, which while efficient, may not always select the most powerful predictors for all procedures. 15 Secondly, although the most recent NSQIP model appropriates all available NSQIP data, it was not tested on an independent dataset. 11 Particularly, for procedures with lower n, such as proctectomy, this increases the risk of overfitting and could decrease predictive power. Thirdly, the Iowa Model is highly accessible. The online proctectomy risk calculator allows clinicians to provide validated risk estimates to patients, and the open source code for the calculator allows it to be tested by other investigators against additional risk assessment tools.
The Iowa Model is subject to the limitations of the NSQIP data on which it is based and is not informative for patient groups that were excluded, such as emergency cases. Some complications relevant to proctectomy, such as urinary retention, or those which may become apparent only after 30 days, such as sexual dysfunction, effects on fertility and long-term pouch outcomes are not captured by NSQIP data and cannot be addressed by this model. Several included CPT codes had low case numbers, and risk estimates for these procedures are likely less accurate than those for better represented procedures. Moreover, the high-risk nature of these procedures frustrates efforts at definitive prediction, as both patients with favorable and unfavorable risk characteristics are expected to experience complications at relatively high rates.
The Iowa Model sacrifices predictive power for utility in the decision to limit predictors to those available before surgery. After including informative factors such as operative time, wound classification, and whether additional procedures were performed, an expanded version of the model achieved a significantly improved c-statistic of 0.685 (p<0.001 vs. base Iowa Model). However, because these factors are unavailable prior to the operation, their usefulness is questionable even if they improve the model's on-paper performance. Notably, the NSQIP Universal Calculator requires ASA and wound classifications, which are not always known in advance. 11 The Iowa Model confers benefits to both patients and surgeons. Armed with improved preoperative knowledge, patients may make more informed decisions and align their expectations with the reality of the often complicated postoperative proctectomy course. For surgeons, the action suggested by a high preoperative risk is less clear. The correlative nature of these data and their inability to account for selection biases limits their recommendations for alternative treatments. That total proctocolectomy with ileal-pouch-anal anastomosis (IPAA) had a lower rate of complications than total proctocolectomy with ileostomy (37 vs. 50 %) is not reason to offer high-risk patients the more complex procedure because selection of healthier patients for IPAA likely accounts for the lower morbidity. Instead, we propose that after finding a patient at above-average risk, the surgeon may focus additional attention on altering modifiable risk factors, consider delaying surgery, or if surgery is more immediately necessary, select the least complex procedure indicated for the patient's illness. The risk calculator could also help identify high-risk patients most appropriate for inclusion in studies of perioperative interventions to reduce morbidity.
Conclusion
The morbidity probabilities derived from the NSQIP risk model and supplied with NSQIP data significantly underestimate morbidity in proctectomy. While newer NSQIP risk models may show improved performance, their utility in high-risk subsets is unknown. Our new, validated proctectomy risk model and web calculator (http://myweb.uiowa.edu/sksherman) provide significantly improved estimates of 30-day morbidity and promise to assist clinicians and patients in making informed surgical decisions based on accurate risk estimates.
